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Aarhus, Denmark 
Objectives. This study was designed to assess the accuracy of a 
new Doppler method for quantification of volumetric flow in vivo. 
Background. Noninvasive assessment of volumetric flow 
through heart valves and the great vessels remains a clinical goal. 
We present a new method for quantification of volumetric flow 
based on color Doppler mapping that computes velocity vectors 
over a surface normal to the point of scanning. This Doppler 
technique assumes only the incompressibility of the fluid. The 
method is basically independent of the angle of incidence between 
the ultrasound beam and the direction of blood flow and includes 
variations of flow area. 
Methods. The color Doppler method was tested in seven 
anesthetized pigs by measuring pulmonary volumetric flows using 
multiplane Doppler echocardiography. The results were com- 
pared with those obtained by the thermodilution technique. In 
addition, volumetric flows across the mitral valve were determined 
in 10 normal volunteers by transthoracic Doppler echocardiogra- 
phy and compared with flows obtained with velocity-encoded 
magnetic resonance imaging (MRI). 
Results. The mean value of the differences between the ther- 
modilution technique and color Doppler were -0.16 + 0.94 
liter/min for pulmonary volumetric flows (mean value of differ- 
ences for [Thermodilution - Color Doppler] -+2 SD of differ- 
ences). The mean value of the differences between MRI and color 
Doppler were 0.21 -+ 0.83 liter/rain for mitral valvular volumetric 
flows (mean value of differences for [MRI - Color Doppler] ±2 
SD of differences). 
Conclusions. The method showed close agreement with ther- 
modUution and MRI for assessment of volumetric flow in vivo. It 
is therefore a noninvasive method with potential applications for 
cardiac output measurement and for quantification of volumetric 
flow of valvular insufficiency and restrictive lesions. 
(J Am Coil Cardiol 1996;27:182-92) 
Noninvasive quantification of blood flow through the heart 
valves and in the great vessels is of major clinical importance in
the assessment of cardiac output and valvular disease. The 
noninvasive techniques that are presently used in quantifica- 
tion of blood flow include velocity-encoded magnetic reso- 
nance imaging (MRI) and Doppler ultrasound. Velocity- 
encoded MRI has the potential to become a noninvasive 
technique for assessment of mitral (1), aortic (1) and pulmo- 
nary (2) valvular flow, but further clinical validation isneeded. 
Furthermore, because of high costs and the extensive quip- 
ment required, the magnetic resonance t chnique has not yet 
been adopted for routine clinical use. Ultrasound methods are 
capable of measuring blood velocities noninvasively, but there 
are several fundamental problems in the calculation of volu- 
metric flow using this methodology. A major source of error in 
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flow measurements is the technical difficulty in obtaining an 
adequate acoustic window to determine precisely the area of 
flow during the heart cycle. Also, the conventional pulsed 
Doppler mode using only one sample volume to estimate the 
spatial mean velocity of blood across the transverse plane of a 
vessel or valve is inherently erroneous because of nonuniform 
velocity profiles at the mitral (3-6), aortic (7) and pulmonary 
(2,8-10) valves. Finally, the angle dependence of the Doppler 
technique in velocity measurements has been troublesome for 
clinical use because correct estimation of the angle between 
the direction of blood flow and the direction of the ultrasound 
beam is difficult. 
In this report we present ageneral-purpose volumetric flow 
method based on the control volume principle of fluid mechan- 
ics applied to two-dimensional color Doppler mapping. A 
control volume is a volume in space through which fluid may 
flow. For an incompressible fluid, the control volume principle 
can be stated as follows: The change in a defined volume, such 
as the left ventricle, equals the flow integrated across the 
surface of a control volume. Computing velocity vectors over a 
surface normal to the point of scanning will show that no angle 
correction factor is needed for quantification of volumetric 
flow regardless of the flow patterns. The method is therefore 
independent of the angle of incidence between the ultrasound 
beam and the direction of blood flow. In addition, by rotating 
the ultrasound transducer in small increments, the cross- 
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Figure 1. Schematic of volumetric flow measurement. Top, Flow at a 
constant velocity V into a small surface area AA. Bottom, Volume of 
fluid entering the surface AA after time t. 
sectional f ow area can be estimated throughout the heart cycle 
in a semiautomatized mode by summation ofcolor pixels. We 
therefore hypothesized that this method could accurately 
quantify volumetric flow irrespective of the Doppler angle of 
incidence and without any preassumption about the flow 
profile. 
In vivo validation of this new Doppler technique was 
performed by measuring cardiac output in the main pulmonary 
artery in seven pigs during different hemodynamic states, and 
results were compared with those obtained by the thermodilu- 
tion technique. In addition, the technique was tested in normal 
volunteers by measuring cardiac output through the mitral 
valve and comparing itwith that measured by velocity-encoded 
MRI. 
Theoretic considerations. Doppler ultrasound is not pres- 
ently capable of measuring three-dimensional ve ocity fields. 
Consequently, it has been thought hat three-dimensional 
flows also could not be measured accurately, because three- 
dimensional f ows depend on the three-dimensional ve ocity 
field. However, this basic assumption isnot true if we choose 
our measurement plane such that it is equidistant from the 
ultrasound transducer. We can then find simple expressions for 
total flow. The following derivation explains the principles of 
measuring flow without angle correction. A more technical 
introduction of the basic theory is provided elsewhere (11). 
Figure 1 (top) illustrates asmall surface area, AA, with fluid 
entering the surface at a constant velocity V. After some time 
t, the amount of fluid entering the surface corresponds to a box 
(Fig. 1, bottom) with length S = Vt and an end-surface area 
AA. It is assumed that the fluid is incompressible; that is, its 
density is constant. Thus, the volume of the box is Vt AA. 
Volumetric flow is defined as the volume of fluid that flows 
through a given surface per unit time; thus, we find 
Vt AA 
Flow - t - V AA. [1] 
It is important to recognize that V is the velocity perpendicular 
to the surface AA; that is, the velocity measured along the 
normal to the surface. 
In general, because fluid velocity is not uniform across a 
given surface, we have to sum small units of V AA to calculate 
total flow. Using pulsed Doppler ultrasound, we measure 
velocity in the direction of the beam and not the size of the 
general three-dimensional velocity vector. 
When the velocity field deviates from laminar flow, we do 
not know the direction of the resulting velocity vectors. Even 
though three-dimensional angle correction is possible (3,12), 
such methods rely on precise knowledge of the direction of the 
flow vector. 
Usually the vessel through which the flow is to be measured 
is cut by a plane surface and divided into small areas to 
compute the total sum of individual V AA units. In this case, 
we have to make the troublesome cos 4' corrections. However, 
we can choose any control volume surface that includes the 
vessel to compute total flow, and the plane surface has been 
chosen traditionally for simplicity. If we choose a spherical 
surface with the ultrasound transducer placed in its center, the 
situation changes (Fig. 2a). Now the velocity we are measuring 
corresponds to the velocity component perpendicular to the 
surface on every point of the surface. Thus, by calculating 
small, individual V AA units on the spherical surface, there will 
be no angle correction regardless of the flow pattern (a 
mathematical proof is derived in the Appendix). According to 
the control volume principle, the total flow for an incompress- 
ible fluid can then be calculated by integration of the flow 
through the control surface. The small areas can be found 
using calculus, as follows: 
AA : AqSR2]cos 01 - cos 021, [2] 
where R is the radius of the chosen sphere (see Fig. 2b for 
definition of A4,, 01, 02). The center of the sphere (R = 0) is 
defined as the apex of the two-dimensional sector array. This 
point is actually positioned within the housing of the trans- 
ducer (Fig. 2). 
Using multiplanar ultrasound transducers, it is a simple task 
to measure the flow on a spherical surface. In theory, we need 
an infinitely small sample volume and an infinite number of 
scanning planes to fully cover the chosen surface. For practical 
purposes, we chose a finite number of scanning planes to cover 
the surface with adequate r solution. 
Methods  
Experimental animal model. One 90-kg and six 40-kg pigs 
(mixed Danish Landrace and Yorkshire) were included in the 
study. The care and use of these laboratory animals complied 
with the principles stated by the Danish law on animal 
experimentation, a d the study was approved by the Danish 
Inspectorate ofAnimal Experimentation. 
Premedication was accomplished with midazolam (0.5 mg/kg 
body weight) and azaperone (4mg/kg) administered intramus- 
cularly. After an additional 15-min period, metomidate 
(3 mg/kg) was administered intravenously through an ear 
vein. The pigs were intubated endotracheally, and ventila- 
tion was maintained by a ventilator (EngstrOm type ER 
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311, LKB Medical AB) with 40% oxygen and 60% nitric oxide. 
Anesthesia was maintained with continuous intravenous infu- 
sion of fentanyl (1.25 ~g/kg per h), ketamine (11.25 mg/kg 
per h) and midazolam (0.25 mg/kg per h). Pigs were in the 
supine position throughout the experiment. To obtain the best 
acoustic window possible, both epicardial and transesophageal 
scanning were performed. Thus, in three of the seven pigs a 
midline sternotomy was made to obtain an epicardial acoustic 
window for the ultrasound transducer. The transducer was 
positioned to image the main pulmonary artery. A latex sac 
filled with ultrasound gel was wrapped around the transducer 
as a buffer to absorb heart movement and to ensure optimal 
acoustic ontact. In the other four pigs a multiplane trans- 
esophageal transducer was used. As a reference for measure- 
ment of cardiac output, the thermodilution technique was 
used. A 7F Swan-Ganz thermodilution catheter was inserted 
through ajugular vein into the pulmonary artery, and 10 ml of 
0.9% cold sodium chloride was injected through the catheter. 
During the color Doppler measurements, the thermodilution 
catheter was pulled back into the right ventricle to avoid 
artifacts from the catheter. During the measurements, left 
ventricular blood pressure, heart rate and the ECG were 
continuously monitored. A change >10% in one or more of 
these variables during measurement led to its exclusion. Before 
and after each measurement series, cardiac output was mea- 
sured by thermodilution as the mean of three values with a 
relative difference of <10% between measurements. Cardiac 
Figure 2. a, Schematic llustration of the multiplanar t ansducer 
showing the equidistant scan planes. Recordings were made at 30 ° 
rotational intervals. The entire flow region of interest must be inside 
the scanning planes. Sampling on a spherical surface means that no 
angle correction has to be made. b, The area of integration for the 
volumetric flow calculation through a spherical surface. Six scanning 
planes are shown, although other choices could have been made. Each 
surface area zXA is centered around each sample volume. If more than 
one vessel is present inside the scan sectors, the flow region of interest 
should be chosen by appropriate choice of angles 0, AqS. R = radius of 
the chosen sphere. 
output was measured before and after termination of the 
Doppler ecordings, and the average of the two was used for 
statistical comparison with Doppler ultrasound. To compare 
the different flow rates, cardiac output was progressively 
increased by intravenous infusion of saline and positive ino- 
tropic and chronotropic support by epinephrine. Mean heart 
rate during steady state was 46 _+ 7.1 min -1 and increased 
progressively up to 100% during stimulation. After the mea- 
surements were terminated, the animals were killed during 
continued anesthesia by intravenous administration of potas- 
sium chloride. 
Doppler echocardiography. Doppler echocardiographic 
measurements were performed using a mechanical annular 
phased array transducer operated by a Vingmed Sound CFM 
800 system (Vingmed Sound, Horten, Norway). A standard 
transthoracic transducer was used for epicardial scanning in 
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Figure 3. Systolic color Doppler frames from the 
main pulmonary artery at six different rotations, 
measured by transesophageal chocardiography with 
30 ° intervals. Equidistant lines from the transducer 
are shown. Often, the arc has to be limited on both 
sides to ensure that flow from other vessels or heart 
chambers is not included in the calculations. The 
systolic forward flow is shown as red because the flow 
direction is such that the blood moves toward the 
transducer. 
three pigs, whereas a multiplane transesophageal transducer 
was used in four pigs. Blood velocity measurements were 
performed by two-dimensional color Doppler imaging. The 
Doppler frequency was 4 MHz. The minimal registered 
velocity was _+8 to 12 cm/s, depending on the setting of the 
wall motion high pass filter. The "packet size" was set to 
medium and maximum, corresponding to 16 and 34 pulse 
trains, respectively. To ensure a stable, fixed transducer 
position for recording the cross-sectional velocity profiles in 
the pulmonary artery, we used a custom-designed trans- 
ducer rotation device for the epicardial scanning (3). The 
transducer could thus be positioned to image the pulmonary 
artery from an epicardial position. By rotating the trans- 
ducer counterclockwise from 0 ° to 150 ° in 30 ° steps, it was 
possible to interrogate along six diameters across the pul- 
monary artery, encompassing the entire cross-sectional rea 
(Fig. 3). In each rotation two-dimensional color Doppler 
recordings were downloaded on-line to an external Macin- 
tosh computer together with the ECG. 
Antialiasing. Many of the measured velocity values from 
the pulmonary artery were aliased because of the low setting of 
the low velocity reject. This was manifest as a distinct change 
from the highest positive to the most negative velocities, or vice 
versa. 
A few aliased values within each frame can easily make the 
flow estimates erroneous. Therefore, a simple antialiasing 
unwrapping method was used. The operator had the option of 
shifting the baseline in each frame by moving a control bar in 
a windows-based environment (MPW Pascal, Apple Com- 
puter) and watching the resulting velocities on a graph. It was 
usually necessary to set the baseline only once for each rotation 
chosen. The antialiasing equations are as follows: 
Velocity = 
gm + 2Vmax if Index < O, 
100 + Index 
and V m < - Vma x 100 ; 
Vn, - 2Vmax if Index ~ O, 
100 - Index 
and Vm > Vm~ 100 ; 
Vm otherwise; 
where V m is the Doppler-measured velocity at a particular 
point; V .... is the maximal velocity over which aliasing occurs; 
and Index is a control value determined by the user 
(Index = - 100 ~ positive velocities only; Index = 0 ~ no shift 
of baseline; Index = +100 ~ only negative velocities allowed). 
Trigger delay. The color Doppler measurements were re- 
corded with a very low frame rate using a maximal "packet 
size" to obtain flow data of the highest possible quality and a 
low limit of the wall motion high pass filter (low velocity reject) 
was used. With a frame rate of 4 to 6 frames/s, the time 
resolution of each frame was low (250 to 167 ms). To improve 
this rate, a programmable ECG analog delay line with a time 
resolution of 1 ms (0 to 999 ms) was used for the animal 
studies. Thus, it was possible to acquire consecutively delayed 
color images with a known incremental delay between sweeps. 
This technique can be used to overcome poor temporal 
resolution and obtain time-corrected flow-velocity profiles 
(13). The number of time delays varied from three to five, 
depending on the frame rate inasmuch as more time delays 
were used for a lower frame rate. 
Because the mechanical Vingmed transducer does not start 
a sweep exactly at the trigger signal but sweeps continuously 
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Figure 4. Flow through the ascending aorta stud- 
ied by velocity-encoded magnetic resonance im- 
aging. Modulus (a) and phase image (b) of peak 
systolic flow. Aortic flow as a function of time (c). 
with a predefined frame rate, data collection during each heart 
cycle from the different scan planes is not perfectly synchro- 
nized. Thus, the instantaneous flow rate collected from six 
different scan planes will be a summation of flow from a time 
period determined by the frame rate. However, we get an 
estimate of the mean flow throughout the heart cycle (by 
delaying the ECG by small amounts of the time that it takes to 
complete a frame). 
Asynchronous ampling. The use of an external ECG- 
delay device is impractical and time-consuming. Therefore, an 
alternative data-sampling routine was used for the human 
studies. We used an external ECG simulator as a trigger signal. 
Thus, the flow was sampled asyncbronously with heart rate 
inasmuch as the color Doppler data were collected for a time 
period of 4 s in each rotation irrespective of the patient's ECG. 
The rationale for this asynchronous sampling scheme is that 
the data sampling is randomly initiated from the external 
trigger signal by pressing a button on the scanner. The color 
Doppler data from a sampling period defined from the begin- 
ning of a trigger pulse to the next trigger pulse are then 
sampled with a temporal resolution according to the frame 
rate. Because this sampling is in fact random with reference to 
the patient's cardiac cycle, we do not need the Nyquist 
criterion for data sampling. Therefore, it is possible to estimate 
the mean flow rate even with a very low frame rate so long as 
the sampling period is long. 
Human study. Ten normal volunteers were included in the 
present study (five men, five women; mean [_+SD] body surface 
area 1.77 _+ 0.15 m2). Volumetric flows were measured by color 
Doppler flow mapping across the mitral valve and through the 
ascending aorta by velocity-encoded MRI for comparison. 
Written informed consent was obtained from each volunteer in
accordance with the regional ethical committee on human 
research. The volunteers had no known cardiac or systemic 
diseases. 
Magnet ic  resonance  imag ing .  The MRI investigations 
were performed with a 1.5-tesla 15S Gyroscan HP Philips 
whole-body system. The subjects were examined in the supine 
position. Coronal and sagittal scout images were obtained with 
a spin-echo sequence. A short-axis plane perpendicular to the 
ascending aorta was derived from these coronal and sagittal 
spin-echo scout views by double angulation to determine the 
angulations and off-centers from the magnetic isocenter. The 
position of the short axis was one to two diameters downstream 
of the aortic valve. Aortic flow rate was measured by velocity- 
encoded cine MRI with a flow-compensated gradient-echo 
sequence using the standard flow-adjusted gradients equence. 
Velocity encoding was selected along the slice-select direction 
perpendicular to aortic flow in the ascending aorta (Fig. 4). 
The following settings were used for flow measurements: 256 
× 256 data acquisition matrix, 35-cm field of view, 1-cm slice 
thickness, 12-ms echo time and 45 ° flip angle. The maximal 
velocity that could be measured without introducing aliasing 
was _+ 1.25 m/s. The temporal resolution was -27 ms. The scan 
time for the flow measurements using two signal averages and 
ECG gating was ~-15 min for each subject, depending on the 
individual heart rate. 
Color Doppler flow mapping. Doppler ecbocardiographic 
examination was performed immediately after MRI. The sub- 
jects were examined in the left lateral decubitus position. The 
mitral valve orifice was imaged from the apical position using 
a standard transthoracic mechanical annular phased array 
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Figure 5. Top, Early diastolic olor Doppler frames 
from the mitral valve measured by transthoracic e ho- 
cardiography from a paired biplane. The diastolic for- 
ward flow is shown as red. Bottom, Blood flow velocities 
along the equidistant lines of interrogation. 
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transducer. The transducer was rotated manually in a paired 
biplane manner, starting from the apical long-axis view of the 
mitral valve and then rotating 90 o clockwise (Fig. 5). Doppler 
color gain was adjusted to maximize signal without introducing 
noise in areas without flow. The color flow data were recorded 
at 2.5 MHz using a high "packet size" (consisting of 30 pulse 
trains for each velocity estimate), and the low velocity reject 
was set to 12 cm/s. With these settings, the frame rate was only 
5 frames/s. To compensate for poor temporal resolution, 
asynchronous sampling was used for the human study. For 
each of the two rotations, 4 s (corresponding to 20 frames) was 
recorded. The color flow data were digitized on-line and 
transferred to a computer for further off-line analysis. 
Study of repeatability. To determine the degree of repeat- 
ability of the color Doppler method for cardiac output mea- 
surements across the mitral valve, color Doppler flow measure- 
ments were repeated twice in the 10 volunteers. 
Ultrasound data analysis. The digitized color Doppler 
flow maps were analyzed using a custom-made Pascal program 
that interacted with an ultrasound ata analysis program 
(Echodisp, Vingmed). The software program had a display 
facility showing the color Doppler image with the arc (corre- 
sponding to the radius of the sphere) superimposed sothat the 
flow of interest could be defined (Fig. 3 and 5). The arc was 
positioned approximately one diameter downstream of the 
pulmonary valve for calculating pulmonary flow and between 
the mitral annulus and leaflet tips for calculating mitral 
valvular flow. Visual display of the velocities along the arc 
enabled the operator to set the velocity range (baseline) of the 
color Doppler correctly so that aliasing was avoided. Cardiac 
output in the pulmonary artery and across the mitral valve was 
estimated by pulsed Doppler echocardiography for compari- 
son with thermodilution a d MRI, respectively. Filling of the 
entire equidistant surface of the sphere was accomplished by 
assuming that the measured velocities from the different scan 
planes were representative for 1/(number of rotations) of the 
area of the sphere. Cardiac output was calculated as follows: 
60 × Total flow 
Cardiac output (ml/min) - NP ' [3] 
where the Total flow is the sum of all frames; P is the number 
of rotations (P = 6 for the pulmonary artery; P = 2 for the 
mitral valve); and N is the average number of frames in each 
rotation (N = 20 to 35, depending on the heart and frame rate 
and the number of time delays chosen). Each pulmonary flow 
estimate was obtained from -6,000 velocity values (5 frames × 
5 time delays x 60 scanlines x 6 rotations x -2/3 filling of each 
arc). The 2/3 filling of each arc is included in the calculation to 
account for the size of the vessel. For each mitral valvular flow 
estimate, -1,600 velocity values were computed using two 
rotations with 20 frames each. In the case of the mitral valvular 
flow, only forward flow in the direction of the left ventricle was 
included in the previous ummation because the mitral inflow 
patterns are very complex, including vortex motion within the 
left ventricle (3). Furthermore, this simplification enabled us to 
differentiate b tween left ventricular outflow and mitral inflow 
within the left ventricle. 
Magnetic resonance imaging data analysis. The accuracy 
of flow measurements by the MRI technique depends on 
suppression of artifacts. Thus, the velocity maps were cor- 
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Table 1. Difference inCardiac Output Determined by
Thermodilution, Magnetic Resonance Imaging and 
Color Doppler Echocardiography 
Difference (mean ±2 SD) 
Study CO (liter/min) % Average CO 
TH-CD (PA) 
Medium "packet size" 0.60 ÷ 1.25 23.6 ± 49.2 
Maximal "packet size" -0.16 ± 0.94 -3.9 ± 23.0 
MRLCD (MV) 0.21 ± 0.83 4.7 _+ 18.5 
CD = color Doppler echocardiography; CO = cardiac output; MRI = 
magnetic resonance imaging; MV = mitral valve; PA = pulmonary artery; TH = 
thermodilution. 
rected for possible linear phase errors resulting from eddy 
currents in the magnetic field. This procedure was per- 
formed by a semiautomated software program (14). Veloc- 
ities outside the predefined velocity range of -+ 1.25 m/s were 
manually unwrapped by adding the velocity value corre- 
sponding to -+2~. The aliased velocities were easily recog- 
nized from the time versus velocity plots, which showed an 
abrupt change from high positive to negative values. Calcu- 
lation of aortic flow rate (cardiac output) was performed by 
drawing a region of interest encircling the entire aortic area 
in each time frame. The product of the cross-sectional area 
and spatial mean velocity provided the instantaneous flow 
rate in each time frame. The summation of these flow rates 
during systole gave the systolic stroke volume. The cardiac 
output hat was computed for comparison with color Dopp- 
ler cardiac output was then calculated as the product of 
systolic stroke volume and heart rate. 
Statistical methods. The extent of the agreement between 
cardiac output measurements using the Doppler method and 
those from thermodilution and MRI was assessed by the 
method escribed by Bland and Altman (15). This statistical 
analysis is appropriate for assessing agreement between two 
methods when the true values remain unknown. Repeatability 
of the color Doppler method was tested by calculating the 
standard eviation of the differences between the two repeat 
cardiac output measurements. 
Resu l ts  
Animal studies. Cardiac output in the different animals, 
estimated by the thermodilution method, ranged from 1.4 to 
7.3 liters/rain. A total of 38 cardiac output measurements were 
made with different settings of "packet size" and low velocity 
reject. 
Comparison of the thermodilution and color Doppler 
methods for estimating cardiac output by the method of 
Bland and Altman showed wide limits of agreement for the 
differences between the two techniques when a medium 
"packet size" and low velocity reject setting of 0.08 m/s were 
used. At these settings, the range of agreement for the 
differences between cardiac output by thermodilution and 
that by color Doppler were 0.6 +_ 1.25 liter/min (mean _+2 
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Figure 6. Difference between cardiac output (CO) measurements by 
thermodilution a d color Doppler ultrasound recordings in the main 
pulmonary artery plotted against mean value, a, "Packet size" 
was medium, and low velocity reject was set to 8 cm/s. b, "Packet size" 
was maximal, and low velocity reject was set to 8 to 12 cm/s. 
Open circles = transesophagea[ sc nning; solid circles = epicardial 
scanning. 
SD) (Table 1, Fig. 6a). The limits of agreement for the 
differences between cardiac output by thermodilution and 
that by color Doppler were -0.16 _+ 0.94 liter/min (mean _+2 
SD) (Table 1, Fig. 6b) when all data with maximal "packet 
size" were added. 
Human study. Close agreement was found between mitral 
valvular flow rate by color Doppler and aortic flow rate by MRI 
technique. The range of agreement for the differences between 
cardiac output by MRI and that by color Doppler was 0.21 _+ 
0.83 liter/min (mean _+2 SD) (Table 1, Fig. 7). 
The repeatability coefficient (defined as two standard evi- 
ations of differences) for the repeat measurements of mitral 
valvular flow rate was 0.54 liter/min when the color Doppler 
method was used (Table 2). Figure 8 shows the plot for pairs of 
measurements made with the color Doppler method. 
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magnetic resonance (MR) in the ascending aorta and color Doppler 
ultrasound recordings across the mitral valve. The "packet size" was 
high, consisting of30 pulse trains for each velocity estimate, and low 
velocity reject was set to 12 cm/s. 
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using color Doppler technique. CO = cardiac output. 
Discussion 
Volumetric flow measurements using conventional spectral 
Doppler echocardiography require correct determination f
the cross-sectional rea throughout the heart cycle, uniform 
velocity distribution across the area and exact knowledge of the 
angle between the ultrasound beam and the flow direction. 
These sources of error are presently difficult o eliminate and 
therefore make Doppler cardiac output measurements difficult 
to accomplish with precision and adequate r producibility. We 
believe that the method described in the present study has 
obvious advantages with regard to eliminating these sources of 
error. By integrating the effective flow area in each frame with 
a 40- to 50-ms time interval, it was possible to include phasic 
variations in the cross-sectional pulmonary flow area with a 
reasonable t mporal resolution. Theoretically, this method of 
volume flow calculation is much more correct han interrogat- 
ing a single sample volume and making approximations of the 
relevant flow area. 
As pointed out, this volumetric flow method is basically 
independent of the angle of incidence between the ultrasound 
beam and the direction of the blood flow. This independence 
essentially means that the method has potential for measuring 
not only cardiac output in normal subjects, but also in patients 
with valvular egurgitation r stenosis. Current color Doppler 
techniques to quantify valvular regurgitation, such as the 
proximal isovelocity surface area method (16), which assumes 
hemispherical isovelocity contours, rely on rigid assumptions 
about the flow field. The present pulsed Doppler technique 
Table 2. Average Values, Two Standard Deviations ofDifference 
and Percent of 2 SD to Average Value for Repeated Cardiac 
Output Measurements i  10 Subjects 
Average 2 SD 2 SD/Average 
(liters/rain) (liter/min) (%) 
Cardiac output 4.37 0.54 12.4 
assumes only the incompressibility of the fluid and is therefore 
a potentially more accurate approach. 
Animal study. Cardiac output measured in the pulmonary 
artery by thermodilution a d by the Doppler technique showed 
the best agreement when the maximal "packet size" of the 
color Doppler equipment was used. The limits of agreement 
(i.e., mean difference _+2 SD) were acceptable when a maximal 
"packet size" and low velocity reject of 8 to 12 cm/s were used. 
Because the differences can be considered normally distributed 
(checked by a probability plot), 95% of the differences will lie 
between these limits. The maximal flow velocity that could be 
registered according to the Nyquist limit was _+0.48 m/s with a 
low velocity reject of 8 cm/s, which was sufficient in all but the 
highest flow rates. At the highest flow rates it was necessary to 
increase the low velocity reject to 12 cm/s, resulting in a 
Nyquist limit of _+0.70 m/s. The Nyquist limit is affected by the 
wall motion filter inasmuch as a low setting of the wall motion 
filter results in a low Nyquist limit because optimization ofthe 
low velocity registration is achieved at the expense of a 
reduction in pulse repetition frequency. 
Another very important variable was the "packet size." We 
found that a maximal "packet size" (consisting of 34 pulse 
trains) resulted in the closest agreement with the thermodilu- 
tion technique, whereas a medium "packet size" (16 pulse 
trains) showed an underestimation f flow compared with 
thermodilution a d exhibited wide limits of agreement. More 
pulse trains are used with the maximal "packet size," resulting 
in a more consistent velocity estimator. Thus, for these two 
important variables, our data indicate that the optimal setting 
is the lowest possible low velocity reject (allowing for velocities 
up to twice the limit determined by the Nyquist heorem) and 
the maximal "packet size" of the equipment. 
When measuring flow in the pulmonary artery, double 
angulated (e.g., 60 °, 30 °) ultrasound scanning was performed, 
and the flow was calculated along six arcs. The resulting flow 
(with no angle-correction factor) was found to correlate well 
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with the thermodilution technique. If such flow is measured 
with standard techniques, an angle-correction factor of -2.3 
([cos 60 ° × cos 30 °] 1) should have been used. Furthermore, 
the success of such a method would depend heavily on the 
correct estimate of the flow direction. 
Pulmonary artery flow has been less well studied clinically 
than aortic and mitral valvular flow, and results have been 
variable when compared with independent measures of flow 
(17-20). It is difficult to compare the results of these earlier 
investigations with our results because, in their comparison of 
measurement methods, most investigators have used regres- 
sion analysis and correlation coefficients hat are inappropriate 
for assessing agreement between two methods of clinical 
measurement (15). The major source of variability in the 
Doppler echocardiographic calculations of pulmonary flow 
appears to be the determination f pulmonary cross-sectional 
area. The nonuniform velocity distribution caused by the 
retrograde flow at the inner curvature may also induce large 
errors when the spatial mean velocity is estimated from 
one-sample volume recording. The maximal error resulting 
from a nonuniform velocity distribution has been estimated to 
range from 40% to 70% in a recent magnetic resonance 
velocity mapping study (2). Thus, the pulmonary artery pro- 
vides excellent conditions for validating the most fundamental 
principles of this new technique, namely, the independence of 
the angle between the ultrasound beam and the direction of 
the blood flow and the close approximation of the cross- 
sectional flow area throughout the cardiac cycle. 
Human study. Our results demonstrated the feasibility of 
the method for transthoracic measurements across the mitrat 
valve in humans. Furthermore, the repeatability of the method 
was shown to be satisfactory, with a repeatability coefficient of 
-12% of the mean cardiac output. To reduce scan time, the 
method was further automated, and the number of scan planes 
was reduced to two for mitral valvular flow measurements 
versus six used in the animal studies. We used asynchronous 
triggering, which effectively reduced the time for color Doppler 
flow measurements to a minimum of -5 min, including the 
computation time. This sampling method enables quantifica- 
tion of volumetric flow, using the color Doppler technique, 
even at a very low frame rate. Another advantage of this 
sampling scheme is that average volumetric flow can be 
determined regardless of cardiac arrhythmia n patients. This 
advantage nhances the practical use of the method in the 
clinical setting, where heart rate variability is often a major 
problem. Thus, the use of asynchronous triggering for volu- 
metric flow measurement is a feasible way to overcome the 
time resolution limitations of current color Doppler technique. 
The optimal number of scan planes and sampling time will 
depend on the site of flow measurement and the precision 
required. Clinical assessment of mitral flow has proved more 
difficult than that of aortic flow, and the results are more 
variable (21-23). The major source of this variability in Dopp- 
ler echocardiographic calculations of mitral valvular flow ap- 
pears to be the determination f mitral valvular cross-sectional 
area. Thus, controversy exists regarding the optimal position 
for estimating mitral valve area. We computed the flow area 
delineated from color flow mapping at a position between the 
mitral annulus and leaflet ips and showed that this approach 
was feasible and accurate. 
The present version of the method is semiautomated, with 
a minimum of time involved in the scanning and calculation 
procedures, an important consideration for any method used 
clinically. The method is well suited for further automatization 
with on-line measurement of volumetric flow. 
The nonuniform velocity profile observed across the mitral 
valve in several studies hould be accounted for in using the 
single-sample volume technique (3-6). In a recent study by our 
group, we found that the anatomic enter time-velocity inte- 
gral varied from the spatial average time-velocity integral by 
+ 13 _+ 15% (3). Therefore, at the location of the mitral valve, 
it seems to be a more accurate approach to measure all 
velocities along the radius of the sphere rather than just in one 
sample volume. Also, at the aortic annulus a skewed velocity 
profile was observed, but data indicate that the centerline 
velocity is a good estimate for the spatial mean velocity in 
normal subjects (24,25). Thus, at the location of the aortic 
annulus, the importance of the skewed velocity profile is 
probably small compared with other sources of error involved 
in pulsed Doppler measurements of cardiac output. 
Limitations of the study. The major problem in performing 
an in vivo validation of a new method for cardiac output 
measurement is hat there is no reference standard for mea- 
suring cardiac output noninvasively. It is well known that 
thermodilution may be relatively inaccurate (26), with an 
intrinsic error of at least 10% to 15% (27). 
The MRI technique has been validated as well, showing 
that as long as sources of error are minimized, velocity in 
medium to large blood vessels can be measured with at least 
90% accuracy (28,29). Thus, even if the color Doppler method 
described in the present study were 100% accurate, we would 
not expect he differences from the thermodilution a d MRI 
methods to be much smaller than those observed in our study 
using the maximal "packet size." Slightly greater differences 
were seen for the pulmonary artery than the mitral valve study 
(even though more scan planes were used in the animal 
studies), most likely because of the difficulty in maintaining 
absolutely stable hemodynamic variables during inotropic and 
chronotropic support, especially during the long measuring 
times. Thus, we did observe in some cases that cardiac output 
had changed 10% to 15% from the beginning of the color 
Doppler measurements to the end. Therefore, we had to 
calculate an average value of the thermodilution measure- 
ments made before and after the Doppler measurements for
comparison with the color Doppler method. 
In the present study, flow was integrated across a fixed 
surface at the pulmonary artery and between the annulus and 
leaflet ips across the mitral valve. Because the mitral annulus 
moves through the heart cycle (30,31), the fixed surface will 
change in relation to the mitral annulus. The relative velocity 
of blood moving from the atrium toward the ventricle during 
diastolic filling is the sum of the absolute velocity of flow and 
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the rate of recoil of the mitral annulus toward the atrium. 
Therefore, mitral inflow will be underestimated bythis appli- 
cation of the color Doppler method because the mitral annulus 
moves in the direction opposite to the mitral inflow vector 
during early diastolic filling (31). Keren et al. (31) found that 
the rate of recoil motion of the mitral annulus was 9.9 + 
2.02 cm/s (mean _+ SD), with a duration of 0.108 + 0.013 s. 
Because the entire diastolic filling period is approximately five 
times longer than the duration of annulus recoil, and the mean 
diastolic inflow velocity in this period is -27 cm/s, the under- 
estimation of mitral valvular flow will be -7%:  
[9.9 cm/s]/5 
[27 cm/s] ' 
because of annulus motion. The comparison between cardiac 
output approximated from the mitral valve by the color 
Doppler technique and that measured through the ascending 
aorta showed a mean underestimation f 4.7% by the color 
Doppler technique. However, whether this difference can be 
ascribed to mitral annulus motion is dilficult to conclude from 
this small number of observations. Therefore, a larger clinical 
study in patients is needed to establish the importance of 
mitral annulus motion for precise cardiac output measure- 
ments across the mitral valve. 
Generally, the spatial resolution of a pulsed Doppler sam- 
ple volume is best in the axial direction, and the lateral 
resolution is poorer. This, in combination with a finite number 
of scan lines in the two-dimensional scan array, results in a low 
lateral resolution for the color Doppler modality. This means 
that the lateral resolution of the color Doppler system is the 
limiting factor for precise definition of flow area when defined 
from the color flow maps. 
The magnetic resonance measurements were obtained with 
the subjects in the supine position, whereas the color Doppler 
measurements were recorded in the steep left lateral decubitus 
position to obtain an optimal acoustic window. This difference 
in head position should not affect cardiac output or arterial 
pressures in normal unsedated subjects until the appearance of
presyncopal symptoms (32). In that study, the investigators 
found that only heart rate will increase significantly as an effect 
of passive head-up tilt to 50 ° . 
Conclusions. We developed a new volumetric flow method 
based on pulsed Doppler ultrasound. The technique was 
validated both in an experimental nimal preparation and in 
normal volunteers. Because the basic theory is applicable to 
any flow that can be resolved accurately by the pulsed ultra- 
sound technique, we anticipate a variety of applications for 
which this technique can be an attractive alternative to current 
semiquantitative or quantitative volumetric flow methods. The 
method should be validated further in larger numbers of 
patients to establish its full clinical potential. 
We thank J. C, Mortensen for skilled technical ssistance. 
Appendix 
Flow Measurement With No Angle-Correction 
Factor Using Spherical Surface Scanning 
The basic theory can be expressed inmathematical terms as follows. 
The ultrasound-measured v locity can be found from 
V m = - V"  Beam, 
where Beam is the unit-sized vector pointing in the direction of the 
ultrasound beam (from the transducer to the sample volume); V is the 
velocity vector in a particular point; and V m is the measured velocity. 
That is, the measured velocity at a point is the real velocity projected 
onto the direction of the ultrasound beam. The minus sign occurs 
because velocities are registered positive when an object is moving 
toward the transducer. The direction of a surface area vector dA is 
normal to the surface area dA (where dA represents an infinitesimal 
area AA, as shown in Fig. 4). The normal vectors to the surface of a 
sphere have the same direction as a vector pointing from the center of 
the sphere to a particular point on the surface. Thus, 
Beam dA = dA, 
and, thus, the flow from a small area dA is found from conservation f
matter (the fluid is considered incompressible): 
V. dA = V. (Beam dA) 
= - ( -V .  Beam) dA 
= -Vm dA. 
It should be noted that there is no longer any angle-correction 
factor because both V m and dA are scalars. For flow into a surface, the 
sign is reversed, and we get the amount of flow dFlowin into a small 
surface: 
dFlOWin ~ V m dA, 
Q.E.D. 
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